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The electrooxidation of ethanol has been widely studied since its 
possible application in PEM cells. Many efforts have been 
devoted to disentangle its oxidation mechanism and how this 
mechanism depends on the ethanol concentration and the 
surface structure and composition of the electrode.[1-4]  The goal 
is to obtain CO2 as final product at the lowest potential and the 
highest current. In the oxidation mechanism, three different 
products can be obtained: acetaldehyde, acetic acid and CO2, 
exchanging 2, 4 and 12 electrons respectively. Acetic acid is a 
stable product since its oxidation takes place at very high 
potentials [5], thus the challenge is to break the C-C bond either in 
ethanol[6, 7] or acetaldehyde[8] to obtain CO2.  
 Among pure metals, platinum has the highest catalytic 
activity in acid media, but the final product in the oxidation is 
mixture of CO2 and acetic acid, whose ratio strongly depends on 
the surface structure.[9] In order to increase the activity of 
platinum, other metals, namely, Ru,[8, 10] Os,[11, 12] Sn[7] and Rh[13] 
have been added to the surface to diminish the overpotentials 
and to increase the selectivity of the oxidation towards the 
formation of CO2. The effect of these metals in the oxidation 
mechanism has been explained on the basis of the bifunctional 
mechanism[14] and ligand effect.[15] From previous results, it 
seems clear that the only surface modifier that increases the 
CO2/acetaldehyde ratio is Rh,[13] although the overall reaction 
rate is lower. On the other hand, the opposite combination, Pt 
deposited on Rh electrodes has not been studied yet. Rh 
electrodes are not active for the oxidation of ethanol. However, it 
has been shown that a single layer (or submonolayer) of a metal 
deposited on a different substrate can have electrocatalytic 
activities larger than any of the two bulk metals.[16, 17] In general, 
the metal overlayer has interatomic distances that are different 
from the bulk metal, since it accommodates its structure to that of 
the underneath substrate. This effect causes a change in the 
electronic properties of the overalyer and can increase (or 
decrease) the catalytic properties.[18] The aim of this work is to 
determine the electrochemical behaviour of Rh electrodes 
modified by Pt (sub)monolayers for ethanol oxidation, analysing 
the effect of the surface composition on the mechanism using in 
situ FTIR spectroscopy. 
 Figure 1 shows the cyclic voltammograms for three different 
Pt coverages on the Rh(111) electrode. The deposition of trace 
amounts of Pt on the Rh(111) surface triggers a significant 
change in the voltammogram of the Rh(111) electrode. [19] For the 
clean Rh(111) electrode, the voltammogram in sulphuric acid 
solution shows a pair of quasi-reversible peaks at 0.15  and 0.06 
V, which are associated to the competitive adsorption of 
hydrogen/sulphate on the electrode surface.[20, 21] In the initial 
deposition stages of Pt, these peaks become significantly sharper 
and more reversible. Although the explanation on the origin of 
such change is beyond the scope of this manuscript, it should be 
recalled that the interaction of water with adsorbates is different 
on platinum and rhodium. For instance water and CO adsorbed 
on Pt(111) show repulsive interactions whereas attractive 
interactions are measured on Rh(111) electrodes.[22] Changes in 
the net interaction of the water molecules with the adsorbates 
(sulphate or hydrogen) should lead to changes in the 
voltammogram.  
 Increasing the Pt coverage leads to the diminution of the 
sharp peaks and the increase of a broad signal between 0.06 and 
0.35 V characteristic of hydrogen adsorption on platinum (fig. 1B). 
As shown by STM, the total Pt amount on the surface cannot be 
determined directly by voltammetry, [19] since platinum deposition 
follows a Volmer-Weber island growth mechanism.[23] At the initial 
stages of Rh deposition, Pt forms monoatomic-high islands, but 
as the deposition progress, multiatomic high islands appear. In 
spite of that, the changes in the coverage can be characterized 
voltammetrically. When the Rh(111) electrode is cycled up to 1 V, 
some surface oxides are formed above 0.8 V, without apparent 
difference in the surface structure. These oxides are reduced in a 
single peak at 0.70 V in the negative going scan. As can be seen 
in the inset of figure 1A, the charge under this peak diminishes as 
the Pt coverage increases and can be used to characterize the 
area of the electrode covered by platinum. The three coverages 
are then 0.05, 0.047 and 0.89. The value measured for the low 
platinum coverage sample (0.05) is in agreement with that 
obtained by the STM using identical conditions.[19] For the other 
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two surfaces the total platinum amount should be higher, since 
multiatomic-high platinum islands are observed by STM and the 
present values should be considered as the lower limit. 
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Figure 1. A) Cyclic voltammograms of Rh(111) and Pt-Rh(111) electrodes in 0.1 
M H2SO4 with three different Pt coverage. Inset: enlargement of the oxide 
reduction peak. B) Enlargement of the potential region between 0.05 and 0.35 V. 
Scan rate: 50 mV s-1. 
The other parameter that can be used to characterize the 
electrode is the charge under the peak at low potentials (figure 
1B). For all the electrodes, this charge is associated with the 
adsorption of hydrogen and sulphate. In the case of the Rh(111) 
this charge is 316 C cm-2, whereas the charge for the Pt(111) 
electrode is 241 C cm-2. In an epitaxial growth of the Pt layer, it 
is expected that the total charge for hydrogen/sulphate adsorption 
diminishes. On the other hand, if multiatomic-high islands appear, 
the charge should increase due to the formation of a non-flat 
interface. For the low Pt coverage, the charge slightly diminishes, 
(310 C cm-2), which is in agreement with the formation of an 
epitaxial Pt layer at very diluted coverage. For the other two 
coverages, the charge increases to 320 and 472 C cm-2, 
respectively. In this latter case, the Rh(111) surface is almost 
covered by Pt, and a charge of 241 C cm-2 would have been 
expected for an epitaxial growth. Thus, the measured charge 
indicates that the obtained surface roughness is equivalent to a 
platinum surface with a roughness factor of 2.  In fact, the 
voltammetric profile of this electrode resembles that of a 
polycrystalline platinum electrode. 
 The activity of these electrodes for ethanol oxidation was 
studied by cyclic voltammetry (Fig. 2A) in which the 
voltammograms for the Pt(111), Pt poly and Rh(111) electrodes 
have been added for a better comparison. As expected, the 
currents for the Rh(111) electrode are negligible. When the 
Rh(111) electrode is modified with small amounts of Pt, the 
activity of the electrode increases significantly. It should be 
highlighted that the coverage in this case is only 0.05 and the 
currents densities (calculated according to the area of the 
Rh(111) electrode) are higher than those measured for the 
Pt(111) electrode, although the onset of ethanol oxidation is 
slightly more positive. Since Rh atoms are completely inactive for 
the oxidation of ethanol, only 5% of the surface atoms are active. 
For a real comparison with the Pt electrodes, the current density 
should be referred to the platinum active area, i.e., dividing the 
measured current density for this electrode by 0.05. When this 
current density is calculated (figure 2B), it can be observed that 
the activity of this electrode is more than 20 times higher than that 
measured for the Py poly electrode, which is indeed higher than 
that of the Pt(111) electrode.[9]  
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Figure 2. A) Cyclic voltammograms of ethanol oxidation on Rh(111), Pt(111), Pt 
poly and Pt-Rh(111) with differnt Pt coverages in 0.1 M H2SO4 + 0.5 M EtOH. 
The current densities are calculated according to the area of the electrodes. 
Scan rate 50 mv s-1. B and C) Same as figure 2A for selected electrodes but the 
current density is calculated according to the platinum active area of the 
electrodes. 
 The modified electrode with a high platinum coverage has 
the highest current density of all the studied electrodes. As 
aforementioned, multiatomic-high Pt islands are present on the 
electrode surface, which leads to an apparent roughness factor of 
two for the Pt islands. If this surface area of platinum is taken into 
account (figure 2C), the activity of the electrode is almost identical 
to that measured for the Pt poly electrode. These results 
demonstrate, first of all, that the catalytic activity of small platinum 
islands completely surrounded by rhodium atoms are 20 times 
more reactive for ethanol oxidation than the pure platinum 
electrode. The increase in reactivity is probably associated to a 
modification on the electronic properties of the platinum electrode, 
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which increases its reactivity towards ethanol oxidation. In this 
case, the Pt islands are expected to have lower Pt-Pt distances 
than those measured on a Pt bulk electrode, since the Rh-Rh 
distances on the Rh(111) surface (0.269 nm) are smaller than the 
Pt-Pt distances on the bulk metal (0.277 nm). Thus, the formation 
of a compressed Pt layer seems to increase the catalytic activity, 
by changing the electronic properties.[18] It is also possible that 
the active site for the reaction is the ensemble Pt-Rh, as has 
been shown for other adlayers and reactions.[24] To fully 
understand the effect, a more detailed study is being carried out 
including other electrode surfaces and different coverages. 
Second, the multiatomic-high islands have the same activity than 
the polycrystalline platinum, and the presence of an underlayer of 
rhodium has no significant effect on the electrocatalytic activity for 
ethanol oxidation. It is well known that the special electrocatalytic 
properties of monolayers almost disappear when the second 
layer is deposited on top due to the relaxation of the distances in 
the second layer. [25] 
 FTIR experiments were carried out for the same coverages 
to determine whether the cleavage of the C-C bond takes place 
or only acetaldehyde and acetic acid are formed. The spectra are 
qualitatively the same for all the Pt coverages (fig. S1), showing 
bands at 2342 cm-1 for CO2, at 2050 cm-1 for adsorbed linear CO, 
at 1713 for the -COOH and CHO groups in acetic acid and 
acetaldehyde and several bands between 1420-1200 cm-1, for 
different vibrational modes of acetic acid and acetaldehyde.[9] As 
expected, the spectra for the Rh(111) are featureless, due to its 
inactivity towards the oxidation reaction of ethanol. The intensities 
of some of those bands normalized to the coverage values 
determined previously are plotted in figure 3A-C. As can be seen, 
adsorbed CO is observed in all cases at potential below 0.6 V 
(figure 3A), potential at which adsorbed CO is oxidized to CO2. 
When the three electrodes are compared, the normalized 
intensity for the electrode with the lower coverage has the highest 
intensity. This fact indicates that the Pt islands present on the 
Rh(111) surface retain their ability to break the C-C bond, since 
CO originates from the cleavage of the C-C bond. As has been 
shown, when the C-C bond is broken, the -CH2OH fragment is 
immediately transformed into adsorbed CO.[6] Moreover, their 
electrocatalytic activity for the cleavage is significantly higher than 
the multiatomic-high Pt islands. As aforementioned, CO is 
oxidized to CO2 above 0.6 V, and therefore in parallel to the 
disappearance of the CO band, the CO2 band appears at 0.60 V. 
As before, the relative intensity of this band is higher for the 
surfaces with the lowest Pt coverage. Finally, the band related 
with the carbonyl/carboxyl follows the same trend for the other 
two previous bands.   
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Figure 3. Integrated band intensity normalized to the Pt coverage for (A) 
adsorbed COlinear at 2040 cm-1, (B) CO2 at 2340 cm-1 and (C) C=O group from 
acetaldehyde and acetic acid at 1724 cm-1 as a function of the potential on the 
Rh(111) electrode with different Pt coverages. 
These results corroborate the significantly higher activity of 
the Pt monoatomic islands on the Rh(111) surface and that those 
islands are able to cleave the C-C bond. In addition, it opens up 
new possibilities for developing more efficient electrocatalyst for 
ethanol oxidation by depositing Pt on a metal in which the Pt-Pt 
distances are compressed. 
Experimental Section 
Rh(111) and Pt(111) electrodes were cut and polished from a small 
single crystal bead following the procedure described by Clavilier.[26] 
After that, they were cleaned by flame annealing and cooled down in 
H2/Ar and protected with water in equilibrium with this gas mixture to 
prevent contamination and surface oxidation before immersion in the 
electrochemical cell, as described elsewhere.[27]  A rhodium and 
platinum single crystal beads were used as a reproducible model of a 
polyoriented electrode. Platinum deposition on the Rh electrodes was 
carried out by cycling the electrode in solutions containing 10-6- 10-4 M 
Na2PtCl6 + 0.1 M H2SO4 in potential range between 0.05 - 0.80 V for 
Rh poly and 0.05 – 1.00 V for Rh(111) at a scan rate of 0.050 V s-1. 
Under those circumstances, the Pt deposition is a mass controlled 
process that takes place in the whole potential window. The ethanol 
oxidation studies were carried out in second cell with a 0.5 M 
C2H5OH+ 0.1 M H2SO4 solution. For the chronoamperometric studies, 
the curves for ethanol oxidation were recorded for 300 seconds, 
applying successive potential steps of 0.050 V in the positive direction 
from 0.55 to 1.0 V vs. RHE. 
Spectroelectrochemical experiments were carried out with a Nicolet 
Magna 850 spectrometer equipped with a narrow-band MCT detector, 
as described elsewhere [7]. The reference spectra was acquired at 
0.050 V whereas the sample spectra were recorded after applying 
successive potential steps of 50 mV in the positive and negative 
directions from 0.05 to 1.0 V vs. RHE.  
Experiments were carried out at room temperature, 22-25 °C, in a 
classical two-compartment electrochemical cell including a platinum 
counter electrode and a reversible hydrogen electrode (RHE) as 
reference. Solutions were prepared from sulphuric acid (Merck 
suprapur®), ethanol (Merck p.a.), ultrapure water from a Purelab Ultra 
(Elga-Vivendi) system. H2 and Ar were also employed (N50, Air 
Liquide). The cleanliness of the solutions was tested by the stability of 
the characteristic voltammetric features of well-defined single crystal 
electrodes. 
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